sequence, typically 3-10 nucleotides, expands to a number of copies that has detrimental effects. The vast majority of these diseases are dominantly inherited due to a gain of function for the expanded allele. For a subset of these diseases, the pathogenic mechanism includes a toxic gain of function for the RNA transcribed from the expanded allele in which RNA-binding proteins are sequestered and the physiological functions of these proteins are disrupted (Schmidt and Pearson 2016; Krzyzosiak et al. 2012) .
Interestingly, one emerging function of long noncoding RNAs (lncRNAs) is to titrate proteins away from their normal biological targets and act as competitive inhibitors of genes or gene products normally targeted by the sequestered proteins. In this review, we focus on parallels between the normal physiological functions of lncRNAs that act as a decoy for proteins to modulate their activity by functional sequestration (Table 1 ) and the pathological effects of expanded repeat-containing RNAs that bind and disrupt the normal functions of RNA-binding proteins (Table 2) .
Introduction
Nucleotide repeat expansion disorders, also known as microsatellite expansion disorders, are caused by a genetic change within a single gene in which a repeated nucleotide Table 1 LncRNAs that function by sequestering proteins to regulate target gene activity a CsrB and RsmB homologs in different bacterial species have been reviewed by Babitzke and Romeo (2007) b A competing hypothesis has been proposed by Dijkstra and Alexander (2015) which brings into question the mechanism proposed by Liu et al. (2015) by which NKILA regulates NF-κB signaling. In this competing hypothesis, Dijkstra and Alexander suggest a protein coding gene transcribed antisense to NKILA may be responsible for the effects on NF-κB signaling. More studies are necessary to tease apart these potential mechanisms of NF-κB regulation 
Growth-arrest specific 5 (Gas5) Regulation of steroid hormone activity, regulation of apoptosis and cell cycle Glucocorticoid receptor, Androgen receptor, Progesterone receptor, Mineralcorticoid receptor GRE mimic sequences/ Forms multiple hairpin structures Kino et al. (2010) , Pickard and Williams (2016) Metastasis-associated lung adenocarcinoma transcript 1 (MALAT1) Pre-mRNA metabolism, RNA splicing Serine/Arginine splicing factor 1 (SRSF1) Tripathi et al. 2010 Gomafu Alters kinetics of splicing reaction for a limited set of target genes
Splicing factor 1 (SF1), Celf3, Quaking protein (QKI)
UACUAAC repeat motif Tsuijii et al. (2011) , Barry et al. (2014) , Ishizuka et al. (2014) , Ip et al. (2016) Growth-arrested DNA damage-inducible gene 7 (gadd7)
Regulation of cell cycle genes during DNA damage response TAR DNA-binding protein UG/GU repeat motif Liu et al. (2012) p21-associated ncRNA DNA damage activated (PANDA)
Cell cycle regulation during DNA damage response, inhibition of apoptotic gene expression program, establishment and maintenance of senescence phenotype Nuclear transcription factor Y subunit alpha (NF-YA) Hung et al. (2013) , Puvvula et al. (2014) Lethe Regulation of NF-κB signaling in inflammatory response p65/RelA large subunit of NF-κB Rapicavoli et al. (2013) Nuclear paraspeckle assembly transcript 1 (NEAT1) Liu et al. (2014) 1 3 functional repeat sequences (Mercer et al. 2009 ). While it has been noted that some lncRNA nucleotide sequences are partially conserved, it is more likely that secondary structures are conserved and aid in carrying out specific functions (Yang et al. 2015) . LncRNAs play roles in multiple biological processes, including neural and muscle development (reviewed in Roberts et al. 2014 and Nie et al. 2015) and immunity (reviewed in Yu et al. 2015, and Sigdel et al. 2015) and have been implicated in human disease, including cancer and neurodegenerative, and muscle diseases (Roberts et al. 2014; Nie et al. 2015; Kung et al. 2013; Schmitt and Chang 2016) . LncRNAs perform roles in all steps of gene expression, from chromatin remodeling and allelic imprinting to post-transcriptional and post-translational processing (reviewed in Mercer et al. 2009 and Wilusz et al. 2009 ). LncRNAs are present in both the nucleus and cytoplasm and individual lncRNAs can be localized to specific subcellular compartments (reviewed in Kung et al. 2013 ). Subcategories of lncRNAs are defined based on function. For example, a class of lncRNAs functions by recruiting transcription factors to specific sites within the promoter to activate or silence gene expression. Some lncRNAs function as scaffolds on which protein complexes assemble in nuclear subdomains or affect mRNA stabilization by competing for miRNA binding (reviewed in Nie et al. 2015; Sigdel et al. 2015; Yang et al. 2015; Yu et al. 2015; Schmitt and Chang 2016) . Our focus in this review is on the lncRNAs that serve as decoy molecules and function to titrate and regulate the proteins that bind to the lncRNA. These lncRNAs are presented in Table 1 with selected examples described below.
LncRNAs that function by sequestering proteins
Carbon storage regulator B (CsrB) and Repressor of secondary metabolites (Rsm) Utilization of decoy RNAs to sequester proteins as a mode of gene regulation was identified early on in prokaryotes. Studies in bacteria demonstrated a class of noncoding RNAs, known as small RNAs (sRNAs) that functions as RNA decoys. Liu et al. (1997) characterized CsrB, the first example of an sRNA in E. coli, that functions by sequestering proteins. The CsrB family and the homologous Rsm family of sRNAs function in multiple bacterial species and control diverse biological processes such as carbon metabolism, cell motility, biofilm formation, quorum sensing, and pathogenesis (Table 1) (Liu et al. 1997 (Liu et al. , 1998 . CsrB/ Rsm families act as global regulators of these processes by binding and sequestering RNA-binding proteins CsrA (or RsmA) that function to post-transcriptionally activate or Zhang et al. (2015) repress target genes. CsrB contains multiple RUACARG-GAUGU repeat sequences, which function as 22 potential binding sites for approximately nine CsrA dimers (Fig. 1a) .
The repeat binding sites of CsrB sRNA form multiple conserved short RNA hairpins; the RNA primary sequence is critical for binding to CsrA proteins while the conserved secondary structure increases the RNA:protein-binding affinity (reviewed in Babitzke and Romeo 2007) .
Noncoding repressor of NFAT (NRON)
An early example of a eukaryotic lncRNA that binds and sequesters proteins is NRON, identified by Schultz and colleagues (Willingham et al. 2005 ) as a modulator of nuclear factor of activated T-cells (NFAT) . NRON is alternatively spliced with 300-400 base pairs of near-perfect conservation between rodents and primates. Specific isoforms of NRON exhibit tissue-specific distribution and are enriched in the placenta, muscle, and lymphoid tissues (Willingham et al. 2005) , consistent with critical NFAT activity in heart, muscle and nervous tissue development, and activation of T cell receptor-mediated immune response (Hogan et al. 2003) . ShRNA-knockdown of NRON in human embryonic kidney (HEK) 293 cells with a chemically stimulated increase of intracellular calcium showed dramatic NRON-dependent activation of an NFAT luciferase reporter. This response was specific to NFAT activation and was reproduced in two other mouse cell lines (Willingham et al. 2005; Imam et al. 2015) . NRON regulates localization of NFAT to the nucleus and increases transcriptional activity of four NFAT isoforms while not affecting other nuclear translocating transcription factors (Willingham et al. 2005) . Four proteins were identified that specifically bind NRON (Table 1) and that significantly activated NFAT upon NRON knockdown and repressed NFAT when NRON was over-expressed. Three of these four proteins: IQGAP1 (a calmodulin-binding protein), KPNB1 (nuclear transport factor importin-β1), and PPP2R1A (a phosphatase structural unit), are members of the importin-β superfamily that directly mediate nuclear-cytoplasmic transport. Direct interaction was demonstrated between NRON and KPNB1 (Willingham et al. 2005 ) and a complementary study showed that NRON forms a complex with NFAT and IQGAP1. SiRNA-mediated knockdown of both NRON and IQGAP1 led to more efficient IQGAP1 depletion than did IQGAP1 knockdown alone, suggesting NRON binds and stabilizes IQGAP1 within the cytoplasm (Sharma et al. 2011) . The results strongly suggest that the interactions between the NRON lncRNA and importin family members, as well as NFAT itself, modulate NFAT nuclear translocation and activation of transcription targets.
Growth-arrest specific 5 (Gas5)
LncRNA Gas5 is induced by starvation and growth arrest.
In an experiment to identify factors that regulate glucocorticoid activity, Kino et al. (2010) showed that Gas5 binds directly to the glucocorticoid receptor (GR) DNAbinding domain (DBD) ( Table 1 ) and inhibits its ability to regulate target genes. In the presence of a GR agonist and Gas5, association of GR and Gas5 was markedly increased and GR transcriptional activity was repressed. GR activation resulted in translocation of Gas5 from a primarily cytoplasmic distribution to nuclear accumulation, while GR binding-defective Gas5 mutants and a GR mutant with a defective nuclear localization signal did not show increased nuclear accumulation suggesting that Gas5 translocation is dependent on GR translocation. Gas5 regulates GR activity by directly competing binding of the DBD of activated GR to its target genes such as cellular inhibitor of apoptosis 2 (CIAP2) and serum-and glucocorticoid-regulated kinase 1 (SGK1). Gas5 overexpression inhibited GR binding and transcription of target glucocorticoid response elements (GREs), which was restored upon Gas5 knockdown. Nucleotides 400-598 of Gas5 are necessary and sufficient for the inhibitor activity and contain six hairpin structures, one of which (hairpin 5) contains two GRE mimic sequences (Fig. 1b) . Mutations disrupting either the helical structure of the hairpin or conserved nucleotides in either GRE without disrupting the double-stranded structure of the hairpin resulted in failure of Gas5 to inhibit GR activity (Kino et al. 2010) . Studies by Hudson et al. (2014) and Pickard and Williams (2016) demonstrated that GRE mimic (GREM) sequencecontaining oligonucleotides were sufficient to induce apoptosis in cancer cell lines, consistent with GR loss of function. GR binds directly to the Gas5 GREMs and binding is competed away with double-stranded GRE DNA. Gas5 also suppresses transcriptional activity of androgen receptors (AR), progesterone receptors (PR), and mineralocorticoid receptors (MR), which share the response elements utilized by GR (Kino et al. 2010) . Mutation of the GRE mimic was sufficient to reverse inhibition of AR activity (Hudson et al. 2014) . Regulation of multiple steroid hormone receptors by Gas5 suggests the ability of lncRNA secondary structure to mimic transcription factor binding sites and affect target gene expression could be a more general mechanism of gene regulation. ; however, PANDA expression requires p53. PANDA knockdown revealed induction of 224 genes, which were enriched for genes involved in apoptosis. PANDA RNA specifically brought down the nuclear transcription factor Y subunit alpha (NF-YA) and conversely immunoprecipitation of NF-YA specifically retrieved endogenous PANDA (Table 1) . Knockdown of PANDA resulted in increased NF-YA occupancy at target genes and simultaneous knockdown of PANDA and NF-YA led to dramatically reduced induction of apoptotic genes and apoptosis (Hung et al. 2013) . PANDA also plays a critical role in establishing and maintaining senescence by sequestration of NF-YA. In proliferating cells, PANDA is specifically associated with the Scaffold-attachment-factor A (SAFA) protein that interacts with polycomb repressor complex 1 (PRC1) to repress senescence. Loss of SAFA protein results in increased PANDA expression, which switches from association with the SAFA complex to specifically interacting with NF-YA, disrupting the ability of NF-YA to bind its pro-proliferative targets (Puvvula et al. 2014) . The data suggest that PANDA lncRNA sequesters NF-YA following DNA damage, impeding its ability to bind chromatin and activate apoptotic target genes.
Nuclear paraspeckle assembly transcript 1 (NEAT1)
LncRNAs are often localized to specific subcellular compartments (reviewed by Kung et al. 2013) . NEAT is an essential structural component of nuclear paraspeckles (Chen and Carmichael 2009 ). Human NEAT1 is alternatively spliced producing two transcripts that associate with RNA-binding paraspeckle proteins to form the paraspeckles. Hirose et al. (2014) reported transcription factor sequestration in enlarged paraspeckles by NEAT1 resulting from proteasome inhibition-mediated NEAT1 upregulation (Table 1) . Proteasome inhibition led to enlargement of paraspeckles and significantly increased transcription of both NEAT1 isoforms. The authors estimated that enlarged paraspeckles contained four to five times more of the paraspeckle proteins NONO, SFPQ, and CPSF6 corresponding with 50% depletion of nucleoplasmic SFPQ and NONO pools. NEAT1 Knockdown followed by microarray analysis revealed transcriptional upregulation of the RNA editing gene ADARB2. Silencing of each of 32 paraspeckle proteins revealed SFPQ and hnRNP H1 were required for ADARB2 transcription. Proteasome inhibition resulted in 10-to 20-fold reduction in ADARB2 RNA levels that was partially rescued by NEAT1 diminution. SFPQ specifically associated with the ADARB2 promoter region under normal conditions but the interaction was reduced upon proteasome inhibition. Three additional genes identified by NEAT1 knockdown were repressed by proteasome inhibition and dependent on SFPQ for expression (Hirose et al. 2014) . Additionally, Imamura et al. (2014) demonstrated that viral infections, which increase levels of NEAT1 through activation of TLR3/p38 signaling, result in enlargement of paraspeckles that sequester SFPQ, disrupting SFPQ-mediated regulation of IL-8 transcription. These results, taken together, indicate that NEAT1 regulates gene expression by SFPQ sequestration in enlarged paraspeckles (Hirose et al. 2014; Imamura et al. 2014 ). Yang et al. (2014) demonstrated that a long intergenic ncRNA, LincRNA-p21 serves as a decoy by sequestering the von Hippel-Lindau (VHL) ubiquitin E3 ligase protein from binding to hypoxia-inducible factor 1 (HIF-1α) under hypoxic conditions (Table 1) . LincRNA-p21 was strongly induced by HIF-1α expression during hypoxiaand hypoxia-induced increases in glucose uptake and lactate production were dramatically reversed by lincRNA-p21 depletion. These results suggest lincRNA-p21 is important for regulating hypoxia-enhanced glycolysis. LincRNA-p21 limits HIF-1α expression and modulates HIF-1α transcriptional activity under hypoxic conditions. Additionally, introduction of exogenous HIF-1α into lincRNA-p21 knockdown cells reversed the effects of lincRNA-p21 depletion on glucose uptake, lactate production, and HIF-1α-responsive target gene expression. LincRNA-p21 stabilized the HIF-1α protein without affecting HIF-1α mRNA levels under hypoxic conditions. Binding assays showed that lincRNA-p21 inhibits the interactions between HIF-1α and VHL by directly binding the HIF-1α binding site on VHL, causing its dissociation from HIF-1α and thus preventing subsequent degradation. Additionally, lincRNA-p21 depletion increased the HIF-1α/VHL interactions under hypoxia and VHL knockdown rescued HIF-1α reduction caused by lincRNA-p21 depletion. These results suggest HIF-1α and lincRNA-p21 compete for binding of VHL, limiting degradation of HIF-1α during hypoxia. LincRNA-p21 also binds HIF-1α, leaving open the possibility that lincRNA-p21 could interfere with HIF-1α activity via its titration (Yang et al. 2014 ).
lincRNA-p21

Noncoding RNA activated by DNA damage (NORAD)
Two independent groups recently reported on a poorly characterized lncRNA, NORAD, involved in regulation of the DNA damage response. NORAD is a highly conserved, 5.3 kb lncRNA that is abundantly and ubiquitously expressed across tissues and cell lines (Lee et al. 2016; Tichon et al. 2016) . NORAD depletion results in a chromosomal instability phenotype, including stable tetraploidization in some NORAD −/− clones, high mitotic error rate, and presence of chromosomal structural rearrangements. NORAD reactivation in diploid NORAD knockout cells rescued chromosomal instability, suggesting NORAD regulates both ploidy and chromosomal stability (Lee et al. 2016) . The NORAD transcript is localized to the cytoplasm and contains 12 repeated NORAD domains (Lee et al. 2016; Tichon et al. 2016) . Each NORAD domain contains one or two Pumilio response elements that bind strongly and specifically to Pumilio proteins (PUM1 and PUM2), in addition to one short and one long stem-loop structure separated by a short U-rich stretch (Fig. 1c) (Tichon et al. 2016 ). Reanalysis of a previously published PAR-CLIP dataset for PUM2 (Hafner et al. 2010) indicated that NORAD was the most highly represented PUM2 target. Each NORAD transcript binds multiple PUM proteins at 15-17 conserved Pumilio response elements distributed throughout the NORAD domains of the transcript and mutation of PUM-binding sites reduces the PUM/NORAD interaction (Lee et al. 2016; Tichon et al. 2016) . The high abundance of NORAD RNA results in binding of hundreds to thousands of PUM protein molecules per cell, suggesting NORAD may sequester the majority of PUM proteins, inhibiting their ability to bind and repress target mRNAs. PUM2 targets were downregulated in NORAD −/− cells and enriched for genes involved in cell cycle regulation, mitosis, DNA repair, and DNA replication. PUM1 or PUM2 overexpression reversed the effects of NORAD on target gene expression (Lee et al. 2016; Tichon et al. 2016 ). Single or double knockout of PUM1 and PUM2, followed by NORAD inactivation partially suppressed the chromosome instability and mitotic errors observed in NORAD −/− cells, suggesting Pumilio proteins act downstream of NORAD in regulating genomic stability (Lee et al. 2016) . The data from these two studies strongly suggest that functional sequestration of PUM by NORAD prevents overabundance of PUM proteins and repression of PUM target mRNA and promotes genomic stability (Lee et al. 2016 ).
5′ snoRNA capped and 3′ polyadenylated lncRNAs 1 and 2 (SPA1 and SPA2) Wu et al. (2016) provided evidence for a previously unidentified type of lncRNA that is 5′ snoRNA capped and 3′ polyadenylated (SPA-lncRNAs). RNA immunoprecipitation, using an antibody against fibrillarin, followed by RNA-seq in a human ovarian carcinoma cell line, led to identification of two SPA-lncRNAs, SPA1 and SPA2, expressed from the imprinted Prader-Willi syndrome (PWS) region. SPA1 is 34 kb in length and is capped by the snoRNA SNORD107. SPA2 is located 5.6 kb downstream of SPA1, is 16 kb in length and is capped by the snoRNA SNORD109A. SPA1 and SPA2 are retained in the nucleus and form nuclear accumulations with sno-lncRNAs also expressed from the PWS region. Three RNA-binding proteins, TDP-43, RBFOX2, and hnRNP M, interacted with both SPA1 and SPA2 lncRNAs and SPA1/2 sequestered greater than 1% of each RNA-binding protein even though the nuclear accumulations of these lncRNAs occupy only 0.02-0.1% of the nuclear volume. All three RNA-binding proteins directly and strongly interacted with SPA1, SPA2, and other PWS-region sno-lncRNAs. Nuclear accumulations of SPAs were present in induced pluripotent stem cells (iPSCs) of normal individuals while nuclear accumulations of the SPAs were absent in PWS patient iPSCs. Knockout of the entire 141 kb genomic region encoding SPA1 and SPA2 was generated in human cell lines to model the absence of sno-lncRNAs in PWS. RNA-seq in the SPAlncRNA knockout cells showed 348 splicing events were altered, with 90 showing corresponding change of RNAbinding proteins binding to the pre-mRNAs by individualnucleotide resolution CLIP. These results suggest a link between mislocalization of RNA-binding proteins due to sequestration by SPA-lncRNAs, alternative splicing, and PWS pathogenesis ).
Role of long noncoding RNAs in disease
In addition to the critical roles for lncRNAs in maintaining multiple biological functions, many lncRNAs, including those discussed above, have been implicated in disease pathogenesis. Thorough reviews of lncRNAs implicated in disease have been published by Huarte (2015) , Schmitt and Chang (2016) , Nie et al. (2015) , Simionescu-Bankston and Kumar (2016), Roberts et al. (2014) , Sigdel et al. (2015) , and Wan et al. (2016) . Here, we focus on diseases in which nucleotide repeat expansions generate toxic RNA that aggregate and function similarly to decoy lncRNAs, sequestering proteins from their normal biological functions.
To date, 43 genetically inherited nucleotide repeat disorders associated with a single gene have been identified (Schmidt and Pearson 2016; Krzyzosiak et al. 2012) . Nucleotide repeat disorders typically cause disease by one or more of three mechanisms: (1) gain-of-function of toxic proteins translated from nucleotide expansions located within coding regions of affected genes, observed in the polyglutamine (polyQ) diseases (CAG repeats), (2) loss-offunction, of either the protein containing expanded amino acid repeats or by affecting expression when the repeat expansion is located in the intronic or promoter regions, such as CGG or GAA expansions in Fragile X and Friedreich's ataxia, and (3) toxic gain-of-RNA function from repeat expansions most often when located in noncoding regions of the affected gene, such as CTG, CAG, and CGG repeat expansions (Krzyzosiak et al. 2012; Sicot and Gomes-Pereira 2013) . Complicating these mechanisms is the observation that pathogenic repeat expansions produce antisense as well as sense transcripts raising questions of the pathogenic contributions of the antisense transcript (Batra et al. 2010 ). Additionally, mono-and di-peptide repeat proteins, some with demonstrated toxicity, are produced from both the sense and antisense strands of hairpinforming transcripts by repeat-associated non-ATG (RAN) translation (Zu et al. 2011; Kearse and Todd 2014) .
Fragile X syndrome (FXS) and fragile X-associated tremor/ataxia syndrome (FXTAS)
The Fragile X syndrome is the most common form of inherited intellectual disability. The disease-causing FXS mutation, a CGG repeat sequence in the fragile X mental retardation 1 (FMR1) gene, was the first identified cause of a nucleotide repeat expansion disorder (Verkerk et al. 1991) . FXS occurs when the CGG repeat in FMR1 is greater than 230 repeats resulting in aberrant epigenetic silencing of FMR1 and loss of protein expression (Coffee et al. 1999; Sutcliffe et al. 1992) . The premutation containing 55-200 CGG repeats results in Fragile X-associated tremor/ataxia syndrome (FXTAS) ( Table 2) , characterized by gait ataxia, progressive action tremor, autonomic dysfunction, and neurodegeneration (Brouwer et al. 1991) . In FXTAS patients, FMR1 RNA levels are increased up to eightfold but protein levels are normal or slightly reduced (Kenneson et al. 2001) . The CGG repeats in FMR1 mRNA expressed in FXTAS form a highly stable hairpin loop (Fig. 2a) , accumulate in the nucleus, and colocalize with more than 20 proteins, including the RNA-binding proteins hnRNP A2/B1, Purα, Sam68, MBNL1, and hnRNP G (Sobczak et al. 2003 (Sobczak et al. , 2010 Tassone et al. 2004; Sofola et al. 2007; Jin et al. 2007; Sellier et al. 2010) . Muslimov et al. (2011) reported that CGG repeat expansions resulted in mislocalization of hnRNP A2/B1 target mRNAs from dendrites to the neuron cell body, which was restored by expression of hnRNP A2/B1 to neurons. hnRNP A2/ B1 binds directly to the CGG repeats, tethering CELF1 protein to the repeats (Sofola et al. 2007 ). Purα was reported in nuclear inclusions of FXTAS patient brains 1 3 . Furthermore, exogenous expression of hnRNP A2/B1, CELF1 or Purα suppresses neurodegeneration in a Drosophila model of FXTAS (Muslimov et al. 2011; Sofola et al. 2007; Jin et al. 2007 ). The results are consistent with sequestration and functional loss of hnRNP A2/B1. Similarly, sequestration of the splicing regulator Sam68 by indirect association with CGG expansion RNA foci recruits other proteins such as MBNL1 and hnRNP G, disrupting Sam68-dependent splicing (Sellier et al. 2010 ). Early emphasis in FXTAS studies involved the RNA toxicity-mediated pathogenesis; however, a purely RNAmediated pathology might not fully explain several critical aspects of FXTAS. Recently, multiple studies demonstrated that RAN translation products translated from CGG repeats in at least two open reading frames are detected in Drosophila, mouse, and human cell models of FXTAS (Todd et al. 2013; Sellier et al. 2017) . Additionally, an FMR1 antisense transcript generated RAN translation products from the CCG repeat in all three reading frames (Krans et al. 2016) . RANtranslated CGG repeats in the FMR1 5′-UTR exhibited increased toxicity and severely impaired locomotor function while isolated CGG repeats forming only expanded RNA were indistinguishable from control animals at three months of age (Sellier et al. 2017) . It remains unclear to what extent RNA-mediated toxicity with protein sequestration and RAN translation play a role in FXTAS pathogenesis.
Myotonic dystrophy types 1 and 2 (DM1 and DM2)
Myotonic dystrophy type 1 (DM1) is the most common adult onset muscle disease resulting from CTG expansions (Table 2) (Brook et al. 1992; Fu et al. 1992) . DM1 is a multisystemic disease characterized by skeletal muscle weakness, wasting and myotonia, cardiac arrhythmias* and conduction defects, cataract formation, and defects in neurological function, such as hypersomnia, executive dysfunction, and cerebral atrophy (Goodwin and Swanson 2013; Thornton 2014) . Individuals affected by DM1 have from 50 to 3000 CTG repeats in the DMPK gene (Brook et al. 1992 ). The number of repeats is both intergenerationally and somatically unstable with increased instability in non-dividing cells (Yum et al. 2017) . Myotonic dystrophy type 2 (DM2) is caused by a CCTG repeat expansion in the first intron of cellular nucleic acid-binding protein (CNBP) (Liquori et al. 2001) . Affected individuals contain between 75 and 11,000 CCTG repeats (Table 2 ). DM2 shares clinical features with DM1. The CCTG repeats in DM2 are also somatically unstable, but are less likely to have intergenerational instability Thornton 2014) . A key pathogenic feature of both DM1 and DM2 is the presence of nuclear foci containing expanded repeat RNA that form stable hairpins with U-U bulges that allows for interactions with RNAbinding proteins (Fig. 2b) (Liquori et al. 2001; Mankodi et al. 2001; Mooers et al. 2005; Sobczak et al. 2010; Tian et al. 2000) . At least 20 CUG repeats are necessary for CUG-expanded RNA to form the hairpin structure (Napierala and Krzyzosiak et al. 1997; Michalowski et al. 1999; Tian et al. 2000) . Nuclear C(C)UG RNA expansion foci formed in DM1 and DM2 cells sequester RNA-binding proteins to the foci, such as members of the Muscleblind family (Miller et al. 2000; Jiang et al. 2004 ). Another toxic function carried out by CUG expansions, albeit not thought to be through protein sequestration, is hyperphosphorylation of CELF1 proteins (Kuyumcu-Martinez et al. 2007 ). Both MBNL and CELF1 proteins regulate alternative splicing during development that is mis-regulated in DM1 and DM2, leading to disease-associated features (Lin et al. 2006; Kalsotra et al. 2008) . In addition to widespread splicing defects, sequestration also leads to aberrant mRNA localization and transport, mRNA stability, micro-RNA biogenesis, and polyadenylation (Wang et al. 2012; Masuda et al. 2012; Rau et al. 2011; Kalsotra et al. 2014; Batra et al. 2014) . In DM1 human primary fibroblasts, the DEAD-box helicase DDX6 interacts with CUG repeat RNA. Over-expression of this protein rescued DM1-associated mis-splicing by partially dispersing sequestered MBNL1 and releasing nuclear foci. DDX6 knockdown in DM1 primary fibroblasts significantly increased the number of nuclear foci and sequestered MBNL1 (Pettersson et al. 2014) . Together these results demonstrate that sequestration of RNA binding factors by expanded CUG RNA produces pathogenic features of DM1.
Antisense transcription of the human DM1 locus was reported by multiple groups (Cho et al. 2005; Huguet et al. 2012; Gudde et al. 2017 ). Accumulation of CAGcontaining RNA foci due to DMPK antisense transcription has been observed in DM1 tissues, revealing increased complexity of RNA toxicity in DM1 (Michel et al. 2015; Huguet et al. 2012) . It is known that CAG repeats are capable of sequestering MBNL; however, it is unclear if antisense DMPK RNA significantly contributes to disease (Ho et al. 2005) . A recent detailed analysis of antisense transcription in the DM1 locus by Wansink and colleagues (Gudde et al. 2017) showed that multiple low abundance antisense transcripts are generated from the DMPK locus (termed DM1-AS) from a transcription unit that is much larger than originally defined. Within this population of newly described antisense RNAs, some transcripts contain CAG repeats that can be translated into proteins containing polyserine repeat tracts, while other splice isoforms leave the CAG tract in an intronic region. Despite their low abundance, expression of the antisense transcripts significantly correlated with disease severity but their contribution to DM1 pathogenesis remains undefined (Gudde et al. 2017 ).
Huntington disease like-2 (HDL2) and Huntington's disease (HD)
Huntington disease like-2 (HDL2) is a dominantly inherited disease causing motor coordination defects, dementia, and neurodegeneration. HDL2 is caused by a bidirectionally transcribed expansion of 41-58 CTG repeats in the alternatively spliced exon 2a of the junctophilin-3 (JPH3) gene (Table 2) , primarily expressed in the brain (Rudnicki et al. 2008; Holmes et al. 2001 ). The repeat is located in either the coding or 3′-UTR of the JPH3 transcript, depending on whether exon 2a is included or excluded. Expression of the repeat in the coding region produces proteins containing polyleucine or polyalanine tracts while expansion in the 3′-UTR suggests a toxic RNA-mediated pathogenesis (Holmes et al. 2001; Rudnicki et al. 2007) . CUG repeats of the sense transcript form stable hairpin structures that accumulate into RNA foci and sequester MBNL1 and exhibit mis-splicing in MBNL1-dependent events (Rudnicki et al. 2007 ). Additionally, nuclear retention of expanded transcripts may reduce JPH3 protein levels (Seixas et al. 2012) contributing to disease pathogenesis.
Expression of the antisense transcript results in nuclear polyQ inclusions, which may account for disease features closely resembling those of patients with Huntington's disease (HD) (Wilburn et al. 2011) . HD is caused by expansion of CAG repeats in the coding region of the Huntingtin (HTT) gene, resulting in expression of HTT protein containing polyQ expansions (Table 2) . Altered protein function is likely to be the primary cause of pathogenesis (Rudnicki et al. 2008; Ha and Fung 2012) ; however, expanded CAG RNA forms RNA foci and partially sequesters MBNL1 and nucleolin (NCL) (Krzyzosiak et al. 2012; Tsoi and Chan 2013) . Sequestration of these proteins leads to dysregulation of alternative splicing by MBNL1 sequestration as well as down-regulation of rRNA transcription and nucleolar stress due to NCL sequestration (Banez-Coronel et al. 2012) . Further exploration into the RNA-mediated toxicity in HD will be important to establish the extent to which toxic RNA affects disease progression.
Spinocerebellar ataxias (SCAs)
Spinocerebellar ataxias (SCAs) are inherited neurological diseases causing motor coordination defects (Hersheson et al. 2012) . Mutations in 37 genes cause the full array of SCAs (SCA1-SCA37); however, our focus here will be those SCAs classified as repeat expansion disorders which involve toxic RNA-mediated pathogenesis (Table 2) , including SCA8 (CUG repeats), SCA3 (CAG repeats), SCA10 (AUUCU repeats), SCA31 (UGGAA repeats), and SCA36 (GGCCUG repeats) (Matilla-Duenas et al. 2012 ).
SCA3
The most common SCA worldwide, SCA3, is caused by a CAG repeat expansion mutation in the coding region (exon 10) of the ataxin-3 (ATXN3) gene (Orr and Zoghbi 2007; Orr 2012) . Individuals affected by SCA3 exhibit late onset ataxia and neurodegeneration and carry 61-84 CAG repeats (Paulson et al. 1997) . SCA3 was initially considered a typical polyQ expansion disorder; however, results from SCA3 models in mice, Drosophila, and C. elegans suggest that CAG repeat RNA causes some disease features (Hsu et al. 2011; Li et al. 2008; Wang et al. 2010) . Importantly, expressing glutamine repeats using CAA rather than CAG codons mitigated the SCA3 phenotype in Drosophila suggesting a role for the CAG RNA in pathogenesis (Li et al. 2008) . In all three animal models and in human cells, CAG repeat RNA forms MBNL1-containing nuclear foci and in human SCA3 cells, MBNL1-dependent splicing changes were observed (Hsu et al. 2011; Li et al. 2008; Wang et al. 2010; Mykowska et al. 2011) . Over-expression of CeMbnl in C. elegans partially rescued the SCA3 phenotype consistent with MBNL1 sequestration; however, a similar experiment in Drosophila resulted in a more severe neurodegenerative phenotype due to increased polyQ protein levels (Wang et al. 2010; Li et al. 2008) . The inconsistent results leave open the possible contribution of MBNL1 sequestration by CAG repeats in SCA3 pathogenesis.
SCA8
SCA8 is characterized by motor coordination defects common to the SCAs and also involves cerebellar atrophy, slurred speech, and abnormal eye movements. SCA8 is caused by expansion of 107-1,300 repeats in the ataxin 8 (ATXN8) gene (Day et al. 2000) . The repeat tract is bidirectionally transcribed leading to generation of an expanded CAG transcript that produces polyglutaminecontaining protein and an expanded CUG repeat transcript from the ataxin-8 opposite strand (AXN8OS) gene (Moseley et al. 2006; Koob et al. 1999) . Toxic CUG RNA folds into a stable hairpin structure forming ribonuclear foci and colocalizes with MBNL1 in neurons. The SCA8 phenotype in transgenic mice was enhanced when combined with a MBNL1 knockout (Kanadia et al. 2003) . Furthermore, splicing defects in SCA8 are rescued by MBNL1 overexpression Daughters et al. 2009 ). These results suggest that sequestration of MBNL protein on expanded CUG repeats is at least partially responsible for SCA8 pathology. Adding to the complexity of SCA8 pathogenesis is the discovery that, even in the absence of an ATG codon, RAN translation of the CAG expansion in all three open reading frames results in co-expression of polyglutamine, polyserine, and polyalanine proteins (Cleary and Ranum 2013; Zu et al. 2011 ).
SCA10
SCA10 is caused by an ATTCT repeat in the ninth intron of the ataxin-10 (ATXN10) gene. Affected individuals develop ataxia, seizures, mild peripheral nerve and cognitive impairment (Matsuura et al. 2000; Teive et al. 2011) . Repeat sizes between 800 and 4500 result in the clinical manifestations of SCA10 (Matsuura et al. 2000) . NMR and crystallographic evidence suggest AUUCU repeat RNA forms an unusual hairpin structure composed of a structured A-form helix with A-U and U-U base pairing, UCU•UCU internal loops with two U-U noncanonical pairs, and one C-C non-canonical pair (Handa et al. 2005; Park et al. 2015) . Expanded AUUCU RNA is resistant to degradation and forms both nuclear and cytoplasmic foci that co-localize with hnRNP K in mouse brain and human SCA10 fibroblasts (White et al. 2010 (White et al. , 2012 Walsh et al. 2015) . HnRNP K sequestration leads to abnormal splicing and decreased protein activity of hnRNP K-regulated transcripts. HnRNP K knockout or expression of the AUUCU RNA repeats resulted in translocation of protein kinase Cδ to the mitochondria and activation of caspase-3-mediated apoptosis. The apoptotic phenotype was rescued by over-expression of hnRNP K in repeat-expressing cells (Bomsztyk et al. 2004; White et al. 2010 ). The results support a role for hnRNP K loss of function in SCA10 due to sequestration by AUUCU repeat RNA.
Amyotrophic lateral sclerosis (ALS) and frontotemporal dementia (FTD)
Amyotrophic lateral sclerosis (ALS) causes selective degeneration of motor neurons, muscle wasting, and paralysis (Van Damme and Robberecht 2013) . Some familial forms of ALS also exhibit a clinical presentation of frontotemporal dementia (FTD) (Giordana et al. 2011; Rademakers et al. 2012) . While the majority of ALS and FTD are sporadic, approximately 10% of ALS patients and 25-50% of FTD patients exhibit familial forms of the diseases (Rademakers et al. 2012; Robberecht and Philips 2013; Graff-Radford and Woodruff 2007; GrosLouis et al. 2006; Rohrer et al. 2009 ). The most frequent genetic cause of ALS and FTD is a GGGGCC hexanucleotide repeat expansion in the C9ORF72 first intron (DeJesus-Hernandez et al. 2011; Renton et al. 2011) . The affected individuals have GGGGCC expansions of 700-1,600 repeats (DeJesus-Hernandez et al. 2011; Dobson-Stone et al. 2012; Robberecht and Philips 2013) . One proposed pathogenic mechanism is toxicity of the sense and/or antisense repeat-containing RNA. Total levels of C9ORF72 sense and antisense RNA increase 7-to 8-fold in patients (Mori et al. 2013 ) and the expanded repeat sense and antisense transcripts accumulate into RNA foci in human brain and spinal cord cells (DeJesusHernandez et al. 2011; Gendron et al. 2013) . Dipeptide repeat RAN translation products are readily detected in C9-ALS tissues and proteotoxicity has been demonstrated in C9-ALS/FTD patients (reviewed in Goodwin and Swanson 2013) . The GGGGCC repeats are predicted to form both hairpin and G-quadruplex secondary structures Fratta et al. 2012; Reddy et al. 2013 ) and can bind a large number of RNA-binding proteins with proposed roles in dysregulation of the normal biological function of these sequestered proteins (Table 2) (reviewed in Jazurek et al. 2016) . Recent studies have presented strong evidence that expression of dipeptide repeats contribute to C9-ALS by disruption of nucleocytoplasmic transport (reviewed in Taylor 2017), suggesting that the contribution of RNA toxicity due to protein sequestration is not a singular mechanism.
Conclusion and perspectives
A shared functional mechanism exists between noncoding toxic RNAs in repeat expansion disorders and decoy lncRNAs. Decoy lncRNAs tend to contain repetitive elements, form secondary structures, and facilitate protein binding. This class of long noncoding RNAs regulates gene expression by titrating RNA-binding proteins and transcription factors, sequestering them into either nuclear or cytoplasmic foci, and preventing them from carrying out downstream functions. Protein sequestration is also a pathogenic mechanism of nucleotide repeat disorders, by expression of RNAs containing the expanded repeats commonly resulting in mis-regulation of RNAbinding proteins and RNA metabolism. These disorders predominantly affect the nervous system and musculoskeletal system and these disorders have a more complex mechanism of pathogenicity than previously thought, combining proteotoxicity with toxic RNA-mediated pathology.
This review focused on toxic RNA-repeat expansion disorders involving interference of RNA or DNA binding protein function. Given what is currently known about repeat expansion disorders, several conclusions can be made. First, although repeat elements are common throughout the genome, repeats reaching critical threshold length are capable of becoming unstable and expanding. Second, instability occurs in regions near annotated genes that are transcribed at a level high enough to cause observable pathological phenotypes (Lee and McMurray 2014) . Third, pathogenesis resulting from RNA containing repeat expansions require secondary structures formed by the expansion (Budworth and McMurray 2013) . Hairpin forming repeats tend to be over-represented in repeat expansion disorders, suggesting the hairpin structure is important for gene expression regulation (Krzyzosiak et al. 2012) . Hairpin structures are dynamic with specific nucleotides determining hairpin stability (Sobczak et al. 2003 (Sobczak et al. , 2010 . The hairpin structures become more thermodynamically stable with increasing length, increasing the likelihood that disease severity also increases with increasing repeat length (Lee and McMurray 2014) . Hexanucleotide repeats, such as the GGGGCC repeats found in ALS patients, and potentially the GGCCUG repeats found in SCA36, can form more complex G-quadruplex structures in addition to hairpins Walsh et al. 2015) . Such secondary structures lead to aggregation of expanded repeats in the nucleus, a characteristic shared by nearly all identified repeat expansion disorders mediated by RNA gain-of-function toxicity (Goodwin and Swanson 2013) .
The finding that bidirectional transcription occurs across the repeat expansion in many of the repeat expansion disorders (Batra et al. 2010 ) increases the complexity of disease mechanism. For repeat expansion disorders identified as proteotoxicity disorders, such as Huntington's disease, identification of antisense transcripts may increase our understanding of the complexity of disease pathology. It is important to identify antisense transcription in other repeat disorders thought to be mediated by toxic proteins to determine if RNA-mediated toxicity is partially responsible for disease phenotypes.
Understanding the mechanisms by which decoy lncRNAs are regulated and their normal biological functions can facilitate deeper understanding of the mechanisms by which repeat expansions lead to disease. Alternatively, utilizing knowledge gained through extensive studies into repeat expansion disorders may aid in identifying additional functional decoy lncRNA, thereby increasing our understanding of this recently identified class of regulatory RNAs and unlocking another level of complexity encoded by the human genome.
